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Figure 3.  Association of POMC transcript with M1/M2 macrophage and smooth muscle cell markers is 
attenuated in unstable advanced plaques. (A,B) Correlation between POMC mRNA levels and established M1 
(grey columns) and M2 (black columns) macrophage markers in stable and unstable plaques. (C,D) Correlation 
between POMC mRNA levels and smooth muscle cell markers in stable and unstable advanced plaques. 
Pearson correlation coefficient (r) values are presented in the column graphs. *P < 0.05 and **P < 0.01 for 
correlation significances.

Figure 4.  α-melanocyte stimulating hormone (α-MSH) is expressed by plaque macrophages in human 
atheroma. (A) α-MSH immunostaining (brown color) of carotid endarterectomy sample. Scale bars, 200 µm 
(left) and 50 µm (right). (B) A consecutive section of the carotid sample was immunofluorescently stained for 
α-MSH (red) and Mac-2 (green), and counterstained with DAPI. Cells that clearly express both α-MSH and 
Mac-2 are indicated by white arrows. Scale bars, 200 µm (left) and 50 µm (right).
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up-regulated (FC = 1.4–1.6) in all arterial beds (Fig. 7C). Further analysis of type V and VI advanced lesions 
revealed that CPE transcript levels were reduced (FC = −1.3, P = 0.04) and PRCP levels increased (FC = 1.3, 
P = 0.003) in unstable atherosclerotic plaques compared to stable samples (Fig. 7D,F), while PAM expression 
did not significantly differ between stable and unstable plaques (Fig. 7E). Gene association analyses showed that 
CPE expression correlated negatively with macrophage-specific signature, most notably with M2 macrophage 
markers, and positively with SMC-rich plaque signature (Supplementary Fig. IV). Likewise, PAM mRNA levels 
correlated negatively with M1/M2 macrophage markers and positively with SMC markers (Supplementary Fig. 
V), whereas completely opposite patterns were observed for PRCP (Supplementary Fig. VI). In general, these 
association patterns were strongest in carotid plaques (Supplementary Figs IV–VI). Lending support to the role 
of α-MSH in reverse cholesterol transport, CPE and PAM showed negative correlation with ABCA1, ABCG1 
and SCARB1 in all plaque types. (Supplementary Fig. VII). PRCP transcript levels correlated positively with the 
reverse cholesterol transporters particularly in carotid plaque samples (Supplementary Fig. VII). Lastly, PRCP, 
which showed most significant changes at the mRNA level, was further studied by immunohistochemistry in the 

Figure 5.  POMC expression is directly associated with reverse cholesterol transporters in carotid artery 
plaques. (A–C) Correlations between POMC expression and ATP-binding cassette transporter A1 (ABCA1), 
G1 (ABCG1) and scavenger receptor class B member 1 (SCARB1) expression in carotid (left panel), abdominal 
(middle panel) and femoral (right panel) atherosclerotic plaques. Pearson correlation coefficients (r) and P 
values are presented in the graphs.
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Figure 6.  POMC expression negatively correlates with reverse cholesterol transporters in the whole blood, but 
the association is abolished in coronary artery disease. (A–D) POMC, ABCA1, ABCG1 and SCARB1 mRNA 
levels in whole blood samples of patients with history of coronary artery disease (CAD) and of individuals 
without coronary lesions (non-CAD). Exact P values (two-tailed Student’s t test) are presented in the graphs. 
(E) Correlations between POMC expression and ABCA1, ABCG1 and SCARB1 expression in whole blood 
samples from non-CAD and CAD individuals. Pearson correlation coefficients (r) and P values are presented 
in the graphs. (F,G) Correlation between POMC mRNA levels and established M1 (grey columns) and M2 
(black columns) macrophage markers in non-CAD (n = 48) and CAD (n = 47) whole blood samples. Spearman 
correlation coefficient (r) values are presented in the column graphs. The dashed lines are placed at 0.39 and 
−0.39 that represent the correlation level between POMC and ABCA1/SCARB1. *P < 0.05 for correlation 
significances.
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human atherosclerotic plaque. PRCP protein was expressed in the atherosclerotic plaque and it mainly localized 
to Mac-2 positive macrophages (Fig. 8).

Discussion
The present study aimed at investigating the expression of POMC and POMC-related enzymes in human ather-
osclerosis. Here, we demonstrate that in POMC is not only expressed at the mRNA level but also processed into 
mature and biologically active cleavage product, namely α-MSH, in the atherosclerotic plaque. The expression of 
POMC-processing enzymes associated with plaque stability in a congruent manner, pointing towards a possible 
reduction of α-MSH in unstable advanced plaques. Lastly and consistent with our previous findings, POMC 
expression correlated positively with the reverse cholesterol transporters ABCA1, ABCG1 and SCARB1 in ath-
erosclerotic plaques. However, in whole blood samples, the correlations were negative with signs of regulatory 
disturbance occurring after the development of CAD.

Our results indicate that POMC expression correlates with macrophage-rich gene signature in atherosclerotic 
plaque, suggesting that macrophages are a possible source of the pro-hormone POMC and its cleavage products. 
This notion is further supported by the finding of co-localization of α-MSH with the macrophage marker Mac-2 
in immunofluorescence staining. Indeed, considering POMC production in different leukocyte subpopulations, 
the largest body of evidence demonstrates that macrophages are capable of producing α-MSH and that the rate 
of production is responsive to acute inflammatory stimuli19–21. The observations that femoral plaque samples 
showed higher POMC expression than atherosclerosis-free control arteries and that unstable plaques had sim-
ilarly increased POMC transcript levels in comparison with stable plaques indicate that atherosclerosis induces 
changes in the regulation of POMC expression. Up-regulation of POMC had also resulted in blunted correla-
tion patterns with macrophage and SMC markers in these samples, which points to a possible disturbance in 
POMC processing or to enhanced degradation of α-MSH. This notion is supported by the finding of discordant 
POMC and α-MSH expression levels in the aorta of Apoe−/− mice, i.e. increased POMC and falling α-MSH 
level in response to diet-induced atherosclerosis. The mouse data provides persuasive evidence that POMC is 

Figure 7.  Prolylcarboxypeptidase, an enzyme degrading α-MSH, is upregulated in unstable atherosclerotic 
plaques. (A–C) The expression of CPE, PAM and PRCP expression in control arteries (LITA) and in carotid 
artery, abdominal and femoral atherosclerotic samples. CPE, carboxypeptidase E; PAM, peptidylglycine 
α-amidating monooxygenase; PRCP, prolylcarboxypeptidase *P < 0.05, **P < 0.01 and ***P < 0.001 for 
the indicated comparisons (one-way ANOVA and Bonferroni post hoc test). (D–F) CPE and PRCP mRNA 
expression in stable and unstable advanced atherosclerotic plaques. Exact P values (two-tailed Student’s t test) 
are given in the graphs.
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up-regulated as a compensatory response to disturbed POMC processing and/or accelerated inactivation of 
α-MSH. Further research will be fundamental to explore how atherosclerosis affects POMC processing in mice 
and humans. It is well-known that local formation of α-MSH necessitates sequential actions of several enzymes in 
the biosynthetic pathway. PC1/3 and PC2 operate upstream in the pathway, while processing of ACTH to mature 
α-MSH is driven by CPE, PAM and NAT3. In view of the fact that POMC gives rise to a versatile array of bioac-
tive peptides, it is clear that POMC gene has a complex promoter/enhancer structure and its expression is tightly 
regulated by numerous transcription factors22. Accordingly, the expression of CPE, PAM and NAT might more 
accurately reflect changes in the biosynthesis rate of α-MSH.

Another line of evidence from the present study strengthens the concept that α-MSH and its cognate recep-
tor MC1R contribute to the regulation of reverse cholesterol transport. We had previously observed that MC1R 
expression correlates with ABCA1, ABCG1 and SCARB1 in human and mouse atherosclerotic plaques and that 
α-MSH has also a functional effect on reverse cholesterol transport by activating MC1R in macrophages10. The 
present findings indicate a positive correlation between POMC and the cholesterol transporter genes in carotid 
plaques. ABCA1 and ABCG1 initiate the first step of reverse cholesterol transport and counter-balance the cho-
lesterol burden of macrophage-derived foam cells, thus providing protection against atherosclerosis and devel-
opment of vulnerable plaque phenotype11–13. SCARB1 is considered as the HDL receptor due to its central role in 
regulating cholesterol uptake from HDL particles in the liver23,24. It also mediates bidirectional lipid transport in 
macrophages and is associated with the development of atherosclerosis25,26. Against this background, the expres-
sion of POMC in lesional macrophages might provide an atheroprotective mechanism by regulating reverse cho-
lesterol transport in an autocrine or paracrine manner in the plaque environment.

Interestingly, the expression of POMC in whole blood samples correlated with reverse cholesterol transport-
ers and the presence of CAD seemed to abrogate this association. However, the direction of correlation was 
negative and thereby contradicts the findings in arterial plaque samples. One possible explanation for this dis-
crepancy might be that the regulation between POMC and reverse cholesterol transporters is completely differ-
ent in circulating leukocytes compared to lesional macrophages. Another finding from the association analyses 
with non-CAD and CAD samples was that the correlation appeared in whole blood samples and not in circu-
lating monocyte fractions. POMC transcripts have been found in a variety of immune cells, including mono-
cytes, neutrophils and lymphocytes27–29. Thus, it is conceivable that the interaction between POMC and ABCA1/
ABCG1 may occur primarily in neutrophils or in lymphocytes. However, little is known about the role and reg-
ulation of reverse cholesterol transporters in other leukocyte subsets than monocytes and their descendant mac-
rophages11,25. The lack of association between POMC and ABCA1/ABCG1 in monocytes could be on the other 
hand caused by sample processing for monocyte isolation and its influence on gene expression. Clearly, further 
studies are warranted to investigate how POMC and its processing products regulate ABCA1/ABCG1 expression 
in circulating leukocytes and what is the pathological significance of the observed lack of association in CAD.

In addition to subtle changes in POMC expression between different plaque types, further analyses uncovered 
that the enzymes responsible for the processing and maturation of α-MSH are down-regulated in atherosclerotic 
plaques, while α-MSH inactivating PRCP expression is increased in plaque samples. Similar changes associated 
also with unstable plaque phenotype, suggesting that POMC processing might be further disturbed during plaque 
progression to a vulnerable lesion at high risk for rupture. In terms of correlation with pro-inflammatory M1 

Figure 8.  The expression and localization of PRCP in the human atherosclerotic plaque. (A) Immunohistochemical 
staining of PRCP (brown color) in a carotid endarterectomy sample. Scale bars, 500 µm (left) and 50 µm (right).  
(B) A consecutive section of the carotid sample was immunofluorescently stained for PRCP (red) and Mac-2 (green), 
and counterstained with DAPI. Cells that clearly express both PRCP and Mac-2 are indicated by white arrows. Scale 
bars, 500 µm (left) and 50 µm (right).
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